The sorghum plant bug Stenotus rubrovittatus (Matsumura) (Heteroptera: Miridae) is a major seed pest of rice in Japan. Male S. rubrovittatus were previously shown to be attracted to traps baited with unmated females. The solvent extract of unmated females was analyzed by GC-MS using HP-INNOWax and HP-5ms columns, and retention index data and mass spectra of peaks detected in the female extract were compared with those of authentic samples. Three compounds, hexyl butyrate (ϭbutanoate), (E)-hex-2-en-1-yl butyrate and (E)-4-oxohex-2-enal, were identified from the female extract. Contents of these compounds in solvent extract of females were ca. 18.6, 8.6 and 1.0 mg/female, respectively. In a field experiment, a blend of three compounds showed potent attractant activity to male S. rubrovittatus, although no binary combinations of the three components were attractive. These results suggested that these compounds are components of the female sex attractant pheromone of S. rubrovittatus.
INTRODUCTION
The sex attractant pheromone is useful for the monitoring and management of some pest insect species, particularly in Lepidoptera (e.g. Wakamura, 1992) . In heteropterans, aggregation and/or sex pheromones were identified in more than thirty species, and many experiments on the use of their pheromones have been conducted or are in progress (e.g. Yasuda, 2004; Mizutani, 2006) . In Miridae, male orientation to conspecific females was observed in more than ten species (e.g. Aldrich, 1995; Yasuda, 2004) , and sex attractant pheromones have been identified for six of them: Trigonotylus caelestialium Sugie, 1997, 2001) , Camphylomma verbasci (Thistlewood et al., 1989; Smith et al., 1991) , Phytocoris relativus (Millar et al., 1997) , Phytocoris californicus (Millar and Rice, 1998) , Phytocoris difficulis (Zhang and Aldrich, 2003a) and Lygus rugulipennis (Innocenzi et al., 2005) .
The sorghum plant bug Stenotus rubrovittatus Matsumura (Heteroptera: Miridae) is a major pest of rice, Oryza sativa L., in Japan. S. rubrovittatus reproduces in gramineous plants fields and invades rice fields after the heading of rice plants, causing pecky rice (Hayashi and Nakazawa, 1988) . Male S. rubrovittatus was attracted by unmated females, indicating the presence of a sex attractant pheromone (Okutani-Akamatsu et al., 2007) . This paper describes the identification of the female sex attractant pheromone of S. rubrovittatus.
METHODS AND MATERIALS

Insects. S. rubrovittatus adults were collected
Sex attractant pheromone of the sorghum plant bug Stenotus rubrovittatus (Matsumura) (Heteroptera: Miridae) from grassy fields in the Shiga Prefecture Agricultural Technology Promotion Center, and maintained on wheat ears and water at 25°C with 16L:8D in the laboratory (Shigehisa, 2004) . The emerged adults were segregated by sex and then kept in separate cages.
Preparation of whole-body extracts. Ten intact 4-to 6-day-old unmated females were dipped in 1 ml of hexane for 5 min at room temperature. The extract was decanted from the female bodies into glass vials. The extracts were stored under Ϫ20°C until gas chromatography-mass spectrometry (GC-MS) analyses. The extracts of hexane solution were concentrated to ca. 100-ml volumes just before GC-MS analyses under reduced pressure below 30°C.
GC-MS analyses. GC-MS analyses were performed on an Agilent 6890N GC with an HPINNOWax or HP-5ms column (30 m lengthϫ 0.25 mm inside diameterϫ0.25 mm film thickness) by on-column injection combined with an Agilent 5973 Network Mass Selective Detector. Injection was made directly onto the capillary column through a cool-column injector, and the injector temperature was programmed at oven temperature plus 3°C. Helium was used as the carrier gas and initial flow was 1.0 ml/min. For the HP-INNOWax, the initial GC oven temperature was 50°C (2 min hold), increased to 240°C at 10°C/min, and then held for 5 min. For the HP-5ms, the initial GC oven temperature was 50°C (2 min hold), increased to 250°C at 10°C/min, and then held for 5 min. In certain analyses, straight-chained hydrocarbons (between 8 and 16) were added as internal standards for the calculation of Kováts retention index (KI; Kováts, 1965) .
Chemicals. Hexyl butyrate (ϭbutanoate) (more than 98.0% pure), (E)-hex-2-en-1-yl butyrate (more than 95.0% pure), (Z)-hex-2-en-1-ol (more than 92.0% pure), (Z)-hex-3-en-1-ol (more than 97.0% pure), (Z)-hex-4-en-1-ol (more than 95.0% pure) and hex-5-en-1-ol (more than 95.0% pure) were purchased from Tokyo Chemical Industry Co., Ltd., Japan. (E)-Hex-3-en-1-ol (98% pure) and (E)-hex-4-en-1-ol (97% pure, containing 2% of Z-isomer) were purchased from Sigma-Aldrich Co. (MO, USA).
(Z)-Hex-2-en-1-yl butyrate, (E)-hex-3-en-1-yl butyrate, (Z)-hex-3-en-1-yl butyrate, (E)-hex-4-en-1-yl butyrate, (Z)-hex-4-en-1-yl butyrate and hex-5-en-1-yl butyrate were separately synthesized by the reaction of butyric anhydride with the corresponding alcohols in the presence of pyridine, and purified by column chromatography. Column chromatography on silica gel (ca. 5 g SiO 2 , particle size: 75-150 mm, Wako gel C-200, Wako Pure Chem. Ind., Ltd., Osaka, Japan) was conducted. Components were successively eluted with hexane, 5% ether in hexane. These hexenyl butyrates were eluted with 5% ether in hexane, and were 92.0% or more pure by GC-MS analysis.
(E)-4-Oxohex-2-enal was synthesized from 2-ethylfuran treated with aqueous N-bromosuccinimide (Moreira and Millar, 2005) , and purified by column chromatography. Components were successively eluted with hexane, 5%, 15% and 25% ether in hexane. (E)-4-Oxohex-2-enal was eluted with 15% ether in hexane. Synthetic (E)-4-oxohex-2-enal was 93.2% pure by GC-MS analysis.
Lure. For the field experiments, synthetic chemicals were impregnated into gray septa made of halo-butyl isoprene blend elastomer (1F Sleeve Stopper 1888 Gray, 8 mm outside diameter, West Pharmaceutical Services Singapore Pte Ltd., Singapore) by applying hexane solution into the depression. Each septum was placed in a draft chamber for ca. 1 h at room temperature to allow the solvents to evaporate.
To protect the chemicals from oxidation and ultraviolet radiation, chemical stabilizers comprised of 500 mg of dibutylhydroxytoluene (BHT) and 500 mg of 2-(2Ј-hydroxy-3Ј-t-butyl-5Ј-methylphenyl)-5-chlorobenzotriazole (S-300) in diethyl ether were also impregnated into each septum. A blue water pan (40 cm diameter and 12 cm in depth) filled with water was used as a trap in the field experiments (Fig. 1) . A small amount of benzalkonium chloride solution was added as surfactant to prevent the trapped bugs from escaping. Crossed two green-colored arched frames (ca. 50 cm height and width) were placed over the trap. Each septum impregnated with known amounts of test chemicals was fixed at the center of an aluminum-foil cup (5.0 cm inside diameterϫ1.2 cm height) which pro-vided shade, and hung above the water pan from the top of the frame. The distance between the bottom of the cage and the water surface was ca. 10 cm. Traps were placed at intervals of ca. 10 m in the field. As a negative control, traps were used in which a rubber septa was treated with equal amounts of hexane and a blend of BHT and S-300 in diethyl ether.
In all of the field experiments, traps were set in the daytime on the first day of each experiment. The numbers of S. rubrovittatus captured by each trap were counted at about 10:00 every day. Captured insects were then removed and trap positions were rotated. The numbers of insects caught in a trap (x) were transformed to log(xϩ0.5) for ANOVA and the subsequent Tukey-Kramer test.
Field experiment 1. The attractiveness of 100:40:200 (mg) combination (lower dosage) of hexyl butyrate, (E)-hex-2-en-1-yl butyrate and (E)-4-oxohex-2-enal was examined from 14 to 20 September 2005. The release of (E)-4-oxohex-2-enal from the lure was faster than that of the butyrates (Innocenzi et al., 2005) and the ternary mixture with the ratio found in the female extract (100:40:5) was not attractive in preliminary experiments, so the ratio of (E)-4-oxohex-2-enal in rubber septa used in the present experiments differed from that produced by the insects. Therefore, the amount of (E)-4-oxohex-2-enal was set to ca. 200 female equivalents (FE), while that of hexyl butyrate and (E)-hex-2-en-1-yl butyrate was ca. 50 FE. Two rubber septa were set in the trap (Fig. 1B) . Septum A was treated with a binary mixture of hexyl butyrate and (E)-hex-2-en-1-yl butyrate, and septum B was treated with only (E)-4-oxohex-2-enal. The attractant activity of septa with ten times higher doses (higher dosage) was also checked simultaneously.
Field experiment 2. To investigate whether all three compounds are essential, male trap catches in all possible binary combinations were compared with those of the ternary combination [100 mg of hexyl butyrateϩ40 mg of (E)-hex-2-en-1-yl butyrateϩ200 mg of (E)-4-oxohex-2-enal] from 28 to 31 May 2006. These compounds were placed in separate rubber septa, as mentioned in Field experiment 1.
Field experiment 3. To evaluate the effects of chemical interaction between butyrates and (E)-4-oxohex-2-enal (Innocenzi et al., 2004 (Innocenzi et al., , 2005 on trap catches, male attractant activity of a septum baited with all three compounds was compared with that of two separate septa, as mentioned above. Rubber septa of each trap were treated with two septa [100 mg of hexyl butyrateϩ40 mg of (E)-hex-2-en-1-yl butyrate in septum A, and 200 mg of (E)-4-oxohex-2-enal in septum B] or one septum [100 mg of hexyl butyrateϩ40 mg of (E)-hex-2-en-1-yl butyrateϩ200 mg of (E)-4-oxohex-2-enal in septum A]. Tests were conducted within 3 days from 31 May to 2 June 2006.
RESULTS
Structure elucidation of pheromone compounds
Solvent extracts of unmated females were analyzed by GC-MS using the HP-INNOWax column. Three dominant peaks were observed at t R ϭ8.91 min (Peak A), t R ϭ9.69 min (Peak B) and t R ϭ11.25 min (Peak C) in the extract (Fig. 2 Fig. 3 ). The compound for peak A was estimated to be an isomer of a 6-carbon saturated alcohol ester of a 4-carbon carboxylic acid, suggesting that the compound was hexyl butyrate by comparison with mass spectral library data (Willey). This fragmen- tation pattern (No. 1 in Fig. 3 ) and the retention index (KIϭ1,417) of this peak fitted well with that of synthetic hexyl butyrate (No. 4 of Fig. 3 Fig. 3) . The compound for peak B was estimated to be an isomer of a 6-carbon monounsaturated alcohol ester of a 4-carbon carboxylic acid, suggesting that the compound was (E)-hex-2-en-1-yl butyrate by comparison with mass spectral library data (Willey). The retention index (KIϭ1,475) of this peak was similar to that of (E)-hex-2-en-1-yl butyrate (KIϭ1,476) and (E)-hex-4-en-1-yl butyrate (KIϭ1,478). The fragmentation pattern of this peak (No. 2 in Fig. 3 ) fitted well with that of synthetic (E)-hex-2-en-1-yl butyrate (No. 5 in Fig. 3 ), but not (E)-hex-4-en-1-yl butyrate (No. 10 in Fig. 3) .
Peak C showed characteristic fragment ions of m/z 55 (50.4%), 83 (base peak) and 112 (C 6 H 8 O 2 , M ϩ , 15.3%) (No. 3 in Fig. 3 ). This fragmentation pattern and the retention index (KIϭ1,599) of this peak fitted well with those of synthetic (E)-4-oxohex-2-enal (No. 6 in Fig. 3: KIϭ1,599) .
Solvent extracts of unmated females and synthetic compounds were also analyzed by GC-MS using the HP-5ms column ( Fig. 2 right: Table 1 ). Two dominant peaks, peak D (t R ϭ6.52 min) and peak E (t R ϭ10.27 min), were observed in the female extract. The fragmentation pattern of peak D fitted well with that of peak C, and the retention index (KIϭ958) of this peak fitted well with that of synthetic (E)-4-oxohex-2-enal (KIϭ958). The remaining peak E was considered to overlap the peaks for hexyl butyrate (t R ϭ10.27 min: KIϭ1, 192) and (E)-hex-2-en-1-yl butyrate (t R ϭ 10.32 min: KIϭ1,195) (Table 1) .
Therefore, peaks A, B and C were identified as hexyl butyrate, (E)-hex-2-en-1-yl butyrate and (E)-4-oxohex-2-enal, and the levels of these compounds were ca. 18.6, 8.6 and 1.0 mg/female, respectively.
Field attraction
When two doses [total 340 (lower dosage) and 3,400 mg (higher dosage)] of a blend of hexyl butyrate and (E)-hex-2-en-1-yl butyrate in one septum and (E)-4-oxohex-2-enal in a separate septum were applied to the traps, significantly more S. rubrovittatus males were captured by the lower dosage of the three-component blend than by the higher one or the control (pϽ0.05) (Field experiment 1, Fig. 4A ). Figure 4B shows trap catch data of the possible binary combinations. Although significantly more S. rubrovittatus males were caught in traps baited with the three-component blend (pϽ0.05), no males were attracted to lures lacking hexyl butyrate or (E)-hex-2-en-1-yl butyrate (Field experiment 2). A few males were trapped in the binary blend of these two butyrates, but the mean was not significantly different from that of the control (pϾ0.05).
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T. YASUDA et al. In a comparison of male attractiveness between traps baited with one septum, including the threecomponent blend, and traps with butyrates in one septum and (E)-4-oxohex-2-enal in a separate septum, and the control were tested, there were no significant differences observed in trap catches baited with the three-component blend regardless of whether the butyrate and (E)-4-oxohex-2-enal were mixed or not ( pϾ0.05) (Field experiment 3, Fig.  4C ).
DISCUSSION
S. rubrovittatus males were attracted by virgin females (Okutani-Akamatsu et al., 2007) , and three compounds were identified as possible sex pheromone components in female S. rubrovittatus. The components were characterized as hexyl butyrate, (E)-hex-2-en-1-yl butyrate and (E)-4-oxohex-2-enal. Contents of these compounds in the extract were ca. 18.6, 8.6 and 1.0 mg/female, respectively. Field bioassays showed that septa impregnated with 100 mg of hexyl butyrateϩ40 mg of (E)-hex-2-en-1-yl butyrateϩ200 mg of (E)-4-oxohex-2-enal attracted male S. rubrovittatus, and all three compounds were essential for the attraction (Fig.  4B) .
Although small numbers of female S. rubrovittatus were caught in some traps in the field experiments, there were no significant differences in the number of females captured between traps, including the control (data not shown). These results suggested that these were accidental trap catches of female S. rubrovittatus, and the blend of hexyl bu-tyrate, (E)-hex-2-en-1-yl butyrate and (E)-4-oxohex-2-enal attracted only males. The three-component blend is suggested to be a sex attractant pheromone of S. rubrovittatus.
The three-component blend of hexyl butyrate, (E)-hex-2-en-1-yl butyrate and (E)-4-oxohex-2-enal was also detected in Lygus and Lygocoris genera in Miridae; Lygus rugulipennis (Innocenzi et al., 2005) , Lygus hesperus (Byers, 2006) , Lygus lineolaris (Wardle et al., 2003; Zhang et al., 2007) and Lygocoris pabulinus (Drijfhout et al., 2002) . In L. rugulipennis, a binary blend of hexyl butyrate and (E)-4-oxohex-2-enal was attractive to males. The blend of all three components attracted fewer males than the binary blend (Innocenzi et al., 2005) ; however, no combination of the three component chemicals was observed to attract males of other species. Innocenzi et al. (2004) observed that the release rate of (E)-4-oxohex-2-enal drastically decreased when this compound was in the presence of hexyl butyrate. They considered that this phenomena was caused by the chemical interaction between hexyl butyrate and (E)-4-oxohex-2-enal, so they designated that the butyrates and (E)-4-oxohex-2-enal should be applied separately (Innocenzi et al., 2005) . In early field experiments in the present study ( Fig. 4A and B) , (E)-4-oxohex-2-enal was placed in separate septa from butyrates; however, the following experiment between trap catches baited with the three-component blend revealed that mixing the butyrates and (E)-4-oxohex-2-enal yielded no differences (Fig. 4C) . Although the reason for this inconsistency was not clear, it may have been the influence of the chemical stabilizer and/or sunshade. In the present study, BHT and S-300 were used as chemical stabilizers and an aluminum-foil cup was used as a sunshade, while these were not used by Innocenzi et al. (2004 Innocenzi et al. ( , 2005 .
Secretions from the methathoracic scent gland in Pentatomidae and Coreidae are commonly defined as defense substances (Aldrich, 1988) and alarm pheromone (Zarbin et al., 2000) . In some species of Miridae, hexyl butyrate and (E)-hex-2-en-1-yl butyrate originate from the methathoracic scent gland (Zhang and Aldrich, 2003a, b) . The authors suggested that secretions in Phytocoris difficilis males function to disrupt further mating attempts by other males (Zhang and Aldrich, 2003b) . Groot et al. (2001) proposed that hexyl butyrate inhibits sex pheromone release in females, and does not directly repel males. Although the source of hexyl butyrate and (E)-hex-2-en-1-yl butyrate in female S. rubrovittatus was not clear, these reports suggested that hexyl butyrate and/or (E)-hex-2-en-1-yl butyrate released from female S. rubrovittatus not only function as sex pheromones, but also in interspecific interaction for closely related species in the same niche.
Further studies are necessary to evaluate the optimum doses or ratios of the components, and to develop effective synthetic chemicals for monitoring field populations and/or use in integrated pest management.
